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A set of various shaped nozzles designed by Aeri@orporation were investigated on a
reduced scale facility at University of Californialrvine (UCI). Initial results on some of the
configurations show great potential in directing tke noise away from the relevant azimuth
positions and producing significant reduction in ndse levels. Flow surveys and numerical
analysis have been performed to better understandhé mechanisms which produce such
improvement.

Nomenclature

Equivalent diameter

Nozzle Pressure Ratio

U Mean axial velocity

Ue Jet exit velocity for perfect expansion

6 polar angle, measured from downstream axis

Yol = Local density from CFD
o = Freestream density
@ = azimuthal angle, measured from downward vertical

I. Introduction

OISE reduction in jet aircraft has become on ofrtiest prolific areas of research. Attaining acckletaakeoff

noise levels for supersonic aircraft is particylachallenging as they typically require engine egclof
significantly lower bypass ratios than current sutis aircraft for efficient cruise. This resultshigh jet velocities
at takeoff conditions that dominate noise emissi@iferent mechanisms for reducing noise or redirg it have
been proposed and studied. Modifications to theelud the jet plume have been studied by numeroti®es, and
have shown in general terms good results in dimgctihe noise on specific directions. Jet plume#$ wibngated
cross sections have shown a reduction on the ioitse direction of the longer axis, and modesteases in noise
in the direction of the shorter akisIn their stability analysis of elliptic jets, Mis and Bhat concluded that the
unsteady structure in a naturally excited ellig¢itis expected to be dominated by the flapping enddt high jet
velocity this mode becomes supersonic and radieggsefficiently along the minor axis plane.

Aerion’s supersonic business jet (SBJ) design adestt& Whitney JT8D engine with a medium bypad®rof
1.8. This engine choice is a good match for supecsoperation at high altitude, but presents dlehge for noise
at take off. As part of the design process of aessgnic business jet different nozzle configuraidvave been
designed at Aerion Corporation and tested at UDdrs acoustic test facility.
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II. Test Facility

Noise measurements were performed in the aeroacdasiity shown in Figure 1. The facility usesliuen-air
mixtures to simulate noise of hot j&tdhe microphone array consisted of eight 3.2-mmdemser microphones
(Bruel & Kjaer, Model 4138) arranged on a circudac centered at the vicinity of the nozzle exite ffolar aperture
of the array was 30° and the array radius was Tha.angular spacing of the microphones was logai¢thThe
entire array structure was rotated around its ceotglace the array at the desired polar anglsitidoing of the
array was done remotely using a stepper motor.léatrenic inclinometer displays the position okfimicrophone.
The arrangement of the microphones inside the aiedahamber, and the principal electronic compaseate
shown in Figure 1. The microphones were connedtegdroups of four, to two amplifier/signal conditiers (Bruel
& Kjaer, Model 4138) with high-pass filter set &BHz and low-pass filter set at 100 kHz. The foannel output
of each amplifier was sampled at 250 kHz per chiatiyea multi-function data acquisition board (Natib
Instruments PCI-6070E). Two such boards, one foh @plifier, were installed in a Pentium 4 persaaaputer.
National Instruments LabView software was used dquae the signals. Even though the array provideise
source location maps, in this study it was useqy ¢mlsurvey the far-field sound emitted by the .jdtke sound
pressure level spectrum was corrected for actuasponse, free-field correction, and atmosphersogition. The
overall sound pressure level (OASPL) was obtainethtegrating the corrected spectrum. Spectra aA8R)L are
referenced to a distance of 100 nozzle exit diaradi®m the nozzle exit. Measurement at differezitmaithal
planes was possible by rotating the nozzle. Theath angleg relevant for the non-axisymmetric configurations,
is measured from the downward vertical direction.

A limited number of mean flow

investigations were conducted in duplicate
jet rig using a rake of Pitot probes. Due to
large run times, pure air supplied at room
temperature was used instead of the helium-
air mixtures used in the acoustic tests. The

Anechoic chamber 1.9x2.2x2.2m
Helium-air mixtures

PC with two

PCI-6070E Jet nozzle g:;(;“\’/f:\f) mean axial velocity in the jet plume was
12MSls | S ] - surveyed using a Pitot rake system
DAQ boards 4 consisting of five probes, spaced apart by 10

mm, with hypodermic 0.5-mm internal
diameter tips. Mounted on a three-
dimensional motorized traverse, the rake
scanned the entire jet plume at axial
increments of 25.4 mm from the nozzle exit,
up to seven jet diameters from the nozzle
o Nexos 2690-A.054 e>.<it. The velocity was computed from the
Conditioning Amplifiers Pitot measurements under the assumptions
Figure 1 U.C. Irvine jet aeroacoustics facility. of constant static pressure (equal to ambient
pressure) and constant total temperature
(equal to room temperature). Smoothing of

8BK-4138
Microphones

Circularél'r'c path

the velocity profiles was performed using a Sawit@olay filter.

Surveys for the baseline and beveled nozzle statetie nozzle exit plane/D=0). For the plug nozzles,
because the plug would interfere with the motiorhef Pitot rake, the surveys started downstreatheoplug top
(¥D=2.4).

The calculation of Perceived Noise Level (PNL) &ftbctive Perceived Noise Level (EPNL) was basedhen
following: flyover altitude of 1783 ft; engine diweter of 37.4 in.; zero angle of attack; and zdnmkr angle.
Details of the PNL and EPNL calculation proceduar be found in Papamosctou

lll.  Nozzle configurations

The baseline case is a convergent round nozzledted a nozzle pressure ratio (NPR) of 1.94 amdl as a
reference for comparing different configurationsisl representative of subsonic applications foicwithere is a
significant existing database of both sub-scaleistio tests and full scale certification FAR36 fligests.

Nozzles of the external surface expansion typalas@rable for supersonic applications as they cawige high
thrust efficiencies over a wide range of pressatés without requiring variable geometries. Thwstfimodified
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plume design was a beveled nozzle (Figure 2), mallyi thought to potentially improve noise diredijvand take
some advantage of shielding from the expansion riampideline noise. This beveled nozzle was desigo work
in a highly integrated manner with the airframelsdlage. It is a three-dimensionally curved Sirigigansion
Ramp “SERN?” type that can be thought of as an iesut” plug where the extended tail surface ofribezle is
equivalent to the plug and was tailored for supsirsoruise pressure ratios greater than 5 (Figlr@I3 potential
noise benefit of beveled nozzles had been prewiasimined by Viswanathan

TSN

|__Mach Numbeér.

0.5 0.6 0.7 0.8 0.9 1.0 1.1 12 1.3 1.4 1.5 1.6 1.7 1.8 1.3 2.0

Figure 3 CFD of integrated beveled nozzle at supesgic speed

Several high radius plug (HRP) nozzles were alswidered. Previous noise tests have shown an irepremt
using HRP nozzles, as described by Bauer, Kibedsveleizer!. Porous plugs proved to be effective in reducing
screech noise when shock cells where present.

A family of HRP nozzles was tested, including arisgetric and non-symmetric plugs. A list of geonetri
tested is presented in Table 1. These nozzles designed primarily to reduce noise, and performattogugh
always in mind, came second as a priority.

All the nozzles tested had an equivalent (aread)adiameter of 0.89 in. (22.6 mm). In the acoustists the
nozzles were operated at NPR=1.94 using heliuimaédtures; the fully-expanded Mach number and véjowiere
1.02 and 437 m/s, respectively. The mean-flowst@ssing pure air supplied at room temperaturepwenducted
at slightly lower Mach number of 0.9 and velocify280 m/s.
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IAEX503 (¢ =60 deg)
IAEX506 (=150 deg)
IAEX509 (p =240 deg)

BevelBV1.3 (Patented)

High Radius Short Plug
HRP1.1

——

\l\
High Radius Long Plug _
HRP1.2 \\ AEX601 (¢ =0 deg)

IAEX201 (@=0 deg)

IAEX703 (@ =60 deg)
IAEX706 (=150 deg)
IAEX709 (=240 deg)

High Radius Shaped Plug
HRP1.3 (Patented)

Table 1 Different nozzle configurations and azimuthl angles surveyed.

IV. Results

Results will be presented in the form of acoustimsiaries showing narrowband sound pressure levdl)(S
spectra in several polar directions; directivity@ASPL; PNL versus time and observer polar angid;estimate of
EPNL. Results for the baseline geometry are shawRigure 4. Reference noise levels were thus esheal. For
the deltas of EPNL and OASPL the improvement osabével is shown in green, increase in noise levedd. On
the spectra plots the red line will correspondhte iteference case, “AEX101", with the exceptionthaf results on
Figure 4.

105, Spectra a6=30" . Spectra a=50" . Spectra a=70" _ . Spectra a=9F _ .. Spectra ab=120'

100 100 100 100 100
95 95 95 95 95
< 9 90 90 90 90
I 8 85 85 85 85
2 80 80 80 80 80
= 75 75 75 75 75
o 70 70 70 70 70
N 65 65 65 65 65
60| | —— AER101 60! | =—— AER101 60| | =—— AER101 60! | =—— AER101 60! | =—— AER101
55! | =—— AEX101 55| | =—— AEX101 55| | =—— AEX101 55| | =—— AEX101 55| | =—— AEX101
50 50 50 50 50
002 0102 051 2 002 0102 051 2 002 0102 051 2 002 0102 051 2 002 0102 051 2
f(kHz) - Full Scale f(kHz) - Full Scale f(kHz) - Full Scale f(kHz) - Full Scale f(kHz) - Full Scale
130
100 100 AEPNL=-0.0 dB
& 1201 e®e ff“\ ) ~ AOASPL =01 dB
cl ) , @ g
= T 90 / ST w0 S (negative = reduction)
o 110 o y ~ .
0 zZ / zZ
< o o
O 100 80 80
—e— AER101 ] —— AER101 EPNL=100.3 —— AER101 EPNL=100.3
—e— AEX101 —— AEX101 EPNL=100.3 —— AEX101 EPNL=100.3
90 70 ‘ 70 ‘
0 20 40 60 80 100 120 50 60 70 80 0 20 40 60 80 100 120
0 (deg) Time (sec) 0, deg

Figure 4 Noise levels for baseline. The red and gga lines indicate repeat runs.
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Figure 5 SPL, OASPL, and EPNL results atg=60° for BV1.3 (green lines) compared to baselineed lines).

The beveled nozzle BV1.3 showed an improvement®fd® in EPNL and 2.5 dB in OASPL over the baseline
nozzle for the 60° azimuth angle. Greater improvemes seen fog=240° with reductions in EPNL of 1.3 dB and
1.9 dB in OASPL (Figure 5 and Figure 7). Survelyg=l50° on the other hand showed increased noiséslefe
3.2 dB EPNL and 0.4 dB OASPL as can be observéigiare 6.
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Figure 6 SPL, OASPL, and EPNL results atg=150° for BV1.3 (green lines) compared to baselir{eed lines).

In contrast with previous bevel nozzle designs, BM& noisier atp=150 deg. This is consistent with the 90-deg
rotation of the axes intended for this nozzle. Tigh SPL levels are accompanied with strong skewé the time
signal, indicative of enhanced Mach wave emissiBapamoschdii
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Figure 7 SPL, OASPL, and EPNL results aig=240° for BV1.3 (green lines) compared to baselir{eed lines).

Flow field surveys of the beveled nozzle BV1.3 fonozzle pressure ratio of 1.68 were performedGit &hd
are presented in Figure 8 and Figure 9. Resultw shitattening of the jet in agreement with thesty directivity of
the noise. The shaping of the throat and not thelliey appears to be the reason for the flattenfrthe plume. The
expansion ramp side of the bevel nozzle shapeditbetion that the jet plume follows, shifting itvay from the
zero reference ling/{D=0).

3
x (in)

Figure 8 Contours ofu(x,y)/U, for BV1.3.
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Figure 9 Flow survey: evolution of jet plume on begled nozzle. Sections start at=0 (exit plane), in
increments of 1 inch. Contours ofu(y,2)/U, for NPR=1.68.

The short radius plug nozzle -HRP1.1 (Figure 10)e-&wa overall reduction of 1.4 dB in EPNL and 1.4idB
peak OASPL, as seen in Figure 11. The larger pHRRR1.2 - Figure 10) more than doubled the noiseatah
both in EPNL and OASPL, Figure 12.

Figure 10 High radius plug nozzles. Left: short plg HRP1.1; right: long plug HRP1.2.

7
American Institute of Aeronautics and Astronautics



Downloaded by NASA Langley Research Center on January 15, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-8

SPL(dB/Hz)

OASPL(dB)

SPL(dB/Hz)

OASPL(dB)

130

120

110

100

90

Spectra a6=3¢"

Spectra ab=50"

Spectra ab=7¢"

Spectra a6=9¢"

Spectra ab=120

0 (deg)

Time (sec)

0, deg

105 105 105 105
100 100 100 100
95 95 95 95
90 90 90 90
85 85 85 85
80 80 80 80
75 75 75 75
70 70 70 70
65 65 65 65
— AEX101 60| | — AEX101 60| | — AEX101 60| | — AEX101 60| | — AEX101
— AEX201 55| | — AEX201 55| | — AEX201 55| | — AEX201 55| | — AEX201
50 50 50 50
02 0102 051 2 002 0102051 2 002 0102051 2 002 0102 051 2 002 0102 051 2
f(kHz) - Full Scale f(kHz) - Full Scale f(kHz) - Full Scale f(kHz) - Full Scale f(kHz) - Full Scale
100 100 AEPNL=-1.4 dB
N R
888 RN TR AOASPLp =-1.4 dB
5 / N & S eak
T %0/ TR S I negative = reduction
3 y 3 (neg: )
z f 4
000, & g 2 g
—e— AEX101 83 —— AEX101 EPNL=100.3 —— AEX101 EPNL=100.3
—e— AEX201 —— AEX201 EPNL=98.9 —— AEX201 EPNL=98.9
70 ‘ 70 ‘
0 20 40 60 80 100 120 50 60 70 80 0 20 40 60 80 100 120

Figure 11 SPL, OASPL, and PNL results for HRP1.1 (gen lines) compared to baseline (red lines).

130

120

110

100

90

Spectra a6=3¢"

Spectra ab=50"

Spectra a6=7¢"

Spectra a6=9¢"

Spectra ab=120"

105 105 105 105
100 100 100 100
95 95 95 95
90 90 90 90
85 85 85 85
80 80 80 80
75 75 75 75
70 70 70 70
65 65 65 65
— AEX101 60| | = AEX101 60| | = AEX101 60| | = AEX101 60| | = AEX101
— AEX601 55| | — AEX601 55| | — AEX601 55| | — AEX601 55| | — AEX601
50 50 50 50
02 0102 051 2 002 0102 051 2 002 0102 051 2 002 0102 051 2 002 0102 051 2
f(kHz) - Full Scale f(kHz) - Full Scale f(kHz) - Full Scale f(kHz) - Full Scale f(kHz) - Full Scale
100 100 AEPNL=-3.1 dB
o~ T
oo " A AOASPLpeak= -4.3 dB
."\ -@ 90 / N %\ ol // N
k) h ") / negative = reduction
2‘ y \\\\\ 2‘ / ( g )
o [ o /
80 80
—e— AEX101 33 —— AEX101 EPNL=100.3 —— AEX101 EPNL=100.3
—e— AEX601 —— AEX601 EPNL=97.2 —— AEX601 EPNL=97.2
70 ‘ 70 ‘
0 20 40 60 80 100 120 50 60 70 80 0 20 40 60 80 100 120

0 (deg)

Time (sec)

0, deg

Figure 12 SPL, OASPL, and PNL results for HRP1.2 (gen lines) compared to baseline (red lines).

Flow surveys of the high radius plug nozzle HRPAr@ presented in Figure 13 and will be comparedth wit

computational predictions in Section V.

Finally, the shaped plug nozzle (HRP1.3, shownigufe 14) was tested at azimuth anghes0°, 150° and 240°
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(Figure 15 to Figure 17). HRP1.3 had the highegelt for noise reduction of the configurations eestwith
reductions between 3.4 dB and 4.6 dB in EPNL artd/den 4.5 dB and 6.6 dB in OASPL. Noise reducticasw
found on all three azimuthal directions. The mdam+fevolution of the plume of HRP1.3 is depicted-ig. 18
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Figure 13 Flow survey: evolution of jet plume fromHRP 1.2 plug nozzle. Sections start at=0 (end of plug),

in increments of 1 inch. Contours ofu(y,2)/U. for NPR=1.68.

Figure 14 Shaped high radius plug nozzles (HRP1.3).
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Figure 15 SPL, OASPL, and PNL results agp=60° for HRP1.3 (green lines) compared to baselirfesd lines).
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Figure 16 SPL, OASPL, and PNL results agp=150° for HRP1.3 (green lines) compared to baselir{eed lines).
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Figure 17 SPL, OASPL, and PNL results agp=240° for HRP1.3 (green lines) compared to baselir{eed lines).
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Figure 18 Flow survey: Evolution of jet plume on shped plug HRP 1.3. Sections taken at=0 (end of plug), in
increments of 1 inch. Contours of u(y,z)/Ue for NPR1.68.
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Figure 19 Axial decay of the local maximum of the man velocity. Plot includes experimental measuremén
(solid lines) and numerical predictions (dashed lies) discussed in Section V.

The decay of the local maximum mean velocity witlabdistance, plotted in Figure 19, offers someesl about
the noise benefit of the plug nozzles. The plugerded 2.4D downstream of the nozzle exit. Flowr ¢kie plug
has suppressed level of turbulent kinetic energabge the plug surface restricts the turbulentcityldluctuations.
This, combined with the physical shielding of theqp is expected to reduce noise considerably. Btweam of the
plug (x/D>2.4) we note a reduced mean velocityamparison to the baseline nozzle at the same kndation. In
addition, the velocity decay downstream of the ptumore rapid than for the baseline nozzle. Tlieiced velocity
levels also contribute towards suppression of g&gen No significant differences are seen betwberHRP1.2 and
1.3 nozzle, so this general explanation cannotucaphe additional benefit of the shaped plug rezzl

V. Numerical Analysis

Computational Fluid Dynamics (CFD) analysis was el@mn some of the configurations using thelly-
UnstructuredNavier Stokes3D (FUN3D) cod&'®. This code was originally developed by NASA's Lkng
Research Center as a research code in the ealysl®& has since grown to cover the incompressibdamsonic,
and hypersonic regimes and has been used on awaiikty of complex, large-scale problems. FUN3Dvesl
steady and unsteady Euler and Reynolds-averagegmatokes (RANS) equations on node-based, mixecheht
grids for both incompressible and compressible flonDue to the size of some of the problems beoiged,
FUN3D has the ability to decompose the domain asel message passage interface (MPI) communication fo
distributed computing, allowing for much short sotimes.

The computational grids were created using Poietwi commercially available grid generation toeveloped
by Pointwise, Inc. Pointwise can create structutetstructured, and hybrid grids and supports a wiléety of
element types. These elements can collectivelgobgposed into either 2-D or 3-D blocks dependinghenuser’s
needs. Grid generation is performed through a betip approach, though changes to the grid propaugite
forward and backward through the grid hierarchyanieg the entire grid will be updated.
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Several grids were used to determine a grid sizé that results were independent of grid resolufidre final
grid used had tetrahedral elements in the aredaguants to the plug with average cell size of 0.7%6,m0.03D.
Different turbulent models were tried, includingaBart-Almaras™ *2 Menter SST" '3 and Hybrid RANS-LES.
The Wilcox model produced the set of results cldsethose obtained on the flow surveys. Resultsttier SST
model were chosen over the other models afterwesg compared to the experimental data from the forveys.
The data from the flow surveys corresponds to arage over a small fraction of time. Because of, tAiRANS
method was considered an appropriate option t@ngke analysis.

The area of the plume has been studied to comparessults from the flow survey and the CFD sohgiolhe
area was determine by computing only the regiothefflow field with velocities greater than 0.3e>0.30). A
sample of the plumes sections and the computed aresshown in Figure 20 to Figure 23.
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Figure 20 Plume shape for experiment at=1in. Trimmed at u/U, =0.3. Left, HRP1.2 (axisymmetric plug).
Right, HRP1.3 (shaped plug).
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Figure 21 Plume shape for CFD ak=1in. Trimmed at u/U¢=0.3. Left, HRP1.2 (axisymmetric plug). Right,
HRP1.3 (shaped plug).
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Figure 22 Plume evolution for plug nozzles. Experimntal and computational results of plume area
normalized by D2

The slope for the evolution of the plume size daretion of distance on CFD solutions shows the erical

solution is expanding the jet at a greater rate tha experiment (Figure 22). Even though genegedeament on
flow topology is acceptable for the sections clasethe plug, as the plume moves away, the elligliape gives

way to a more circular one.

Figure 23 Comparison of plume shape for HRP1.3. TafExperiment. Bottom CFD.

The trend on the decay of the local maximum medocitg with axial distance from CFD data is consigtwith
the experimental results (Figure 19). The plug tezpresent an earlier drop in the maximum axi&@aity, which
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correlates to the evolution of momentum based dal aelocity on the plume, as can be seen in FigideThe
momentum has been calculated using the normaligkxtity (U/Ue) and a normalized densip/pirs. The growth of
the plume cross section accounts for the slightee®e in computed momentum as it progresses daanstiThe
reduced momentum levels may also contribute towsuggression of jet noise. This may also be infteelnby the
viscous losses from skin friction on the plug’s tedtarea. A difference is now noticeable betweenHRP1.2 and
HRP 1.3 nozzles.
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Figure 24 Evolution of plume momentum from CFD resits

VI. Concluding Remarks

The exploration of beveled nozzles for the Aeri@B3 was motivated by considerations of propulsioinsene
integration and the beneficial effects of beveledates seen in past studies. However, the unique fflath of the
Aerion beveled nozzles led to flow characteristic generally increased, rather than reducedhaise level. The
principal flow feature responsible for the noiseess is thought to be the rapid distortion of theme into a cross
section with high aspect ratio, similar to an ¢itipl nozzle. Past research has shown that ebiptiopersonic jets
are generally noisier along the direction of theaniaxis (Tesson, Petitiean and McLaugbliThis appears to be
applicable to the jets produced by the Aerion negzhalthough in several instances the sound inedealso along
the major axis. The caution, therefore, is thatpgjnthe fact that a nozzle is beveled does not ssrdy mean that
it will be quieter. The complete flow path and iéisg plume should be scrutinized. In addition,ntle based on
subsonic testing should not be expected to caroutih to sonic or supersonic conditions.

The acoustics of the plug nozzles offered muchtgrearomise for noise reduction. The larger thegpltne
more substantial the noise reduction was. A likelgson for the benefit of the large plugs are tiveeiased shear
mixing area relative to jet depth promoting morpidamixing with larger plug diameter and length, wsll as
shielding acoustically the noise sources in the gfthe jet that is not in the line of sight otthbserver. Additional
aspects include suppression of turbulence levedstduhe boundary condition imposed by the plugc@ifrse, the
drawbacks include skin friction (thrust loss) besmof the large wetted area and increased weidjatplug nozzle
offers an interesting optimization problem of reitigcnoise while minimizing the thrust and weighhphy.
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The improvements on noise levels for the shaped miver the baseline were greater than those of the

axisymmetric plug was puzzling. It was expectedee an improvement similar to that found on stahediiptic

jets along the longer axis, but improvement wasiéball around. CFD results comparing both plug texzghed no
light on the reason for this “all around” improvemebut did show a correlation between the momenbunihe
plume and noise reduction, suggesting the viscossek on the plug may account for some of the methaction
benefits.
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